An effective Lagrangian for ηN interaction in nuclear medium is deduced from the chiral perturbation theory. The energy, effective mass and optical potential of η mesons as functions of nuclear density are obtained. Our results show that there is strong attractive η nuclear interaction at normal nuclear density, and in-medium properties of η depend strongly on the off-shell term which is determined by the ηN scattering length. The effective mass ranges 0.9 to 0.75m η and the optical potential ranges −45 to −130 MeV at normal nuclear density corresponding to the ηN scattering length 0.25 ∼ 1.05 fm.
Introduction
The study of meson-baryon interactions and the meson properties in nuclear medium is one of the most interesting subjects in nuclear physics. The pion-nucleon/pion-nucleus and kaon-nucleon/kaon-nucleus interactions have been much studied, both theoretically and experimentally. Due to the lack of η-beams, the η-nucleon/η-nucleus interactions are still not clear as well as those of pion and kaon. Since the η-nucleus quasi-bound states were first predicted by Haider and Liu [1] and Li et al. [2] , when it was realized that the η-nucleon interaction was attractive, study of the η-nucleus bound states has been one of the focuses in nuclear physics [3] [4] [5] [6] [7] [8] [9] [10] [11] . In fact, the key point for the study of η-nucleus bound states is η nuclear optical potential which is determined by ηN scattering length.
For the optical potential of η-nucleus at normal nuclear density, there have been some predictions. Such as, T. Waas and W. Weise studied the s-wave interactions of η meson in nuclear medium, they predicted the optical potential for η meson in nuclear matter is U η ≃ −20 MeV [12] ; H. C. Chiang et al. [13] gave a potential U η ≃ −34 MeV assuming that the mass of the N * (1535) did not change in the medium; K. Tsushima et al. predicted the η potential was typically −60 MeV using QMC model [14] ; and T. Inoue, E. Oset also obtained U η ≃ −54 MeV with their model [15] . Obviously, we can see there is strong model dependence in predicting in-medium properties of η meson.
On the other hand, the ηN scattering length has also been analyzed by many groups [16] . However, the value is very different from each other. The real part of ηN scattering length has a large uncertainty. It ranges from a ηN = 0.25 to 1.05 fm according to the predictions of different groups. Recently, A.M. Green et al. [17] studied the ηN scattering length again and gave a good review about the ηN scattering length investigated by others.
Although there are many studies for in-medium properties of η meson, because of the large uncertainties in both optical potential and ηN scattering length, for η mesons the overall situation is still far less satisfactory than for the kaons and pions. In this paper, we will study the in-medium properties of η with chiral perturbation theory starting with the chiral Lagrangian including the next-leading-order term.
The chiral perturbation theory was first used by Kaplan and Nelson to the study of kaon properties in nuclear medium, which is reviewed in Ref. [18] . Some years later, an effective chiral lagrangian in heavy-fermion formalism was also introduced to investigate the kaon-nuclear interactions and kaon condensation [20] . The advantage of using the lagrangian for chiral perturbation theory is clearly pointed out in Ref. [21] . The particularity of the lagrangian adopted in Ref. [20] is that additional off-shell terms are added in the lagrangian of Ref. [18] for s-wave KN scattering. The off-shell terms are essential for a correct description the scattering lengths [20] . Similarly, the chiral perturbation can be used to describe ηN interaction as well. In fact, the chiral perturbation theory have been used in the study of η meson medium properties [15] , they are only keep the first leading-order in the calculation with coupled channel model. In our present work, we will adopt the effective chiral lagrangian with next-leading-order terms which include the sigma terms and off-shell terms for ηN interactions together to study the η meson energy, effective mass and optical potential in nuclear medium, respectively.
The paper is organized as follows. In the subsequent section, the effective chiral Lagrangian density we used is given; the effective Lagrangian for ηN scattering in nuclear medium is deduced and the coefficients for sigma term and off-shell term are determined. Then, the η energy, effective mass and optical potential in nuclear matter are obtained in sec. 3. We present our results and discussion of the η meson medium properties in Sec. 4. Finally a summary is given in Sec. 5.
Chiral perturbation theory
The leading-order interactions between pseudoscalar mesons (pion, kaon, and eta meson) and baryons (nucleon and hyperon) are described by the SU(3) L ×SU(3) R chiral Lagrangian which can be written as
The next-to-leading order chiral Lagrangian for s-wave meson-baryon interactions is
where v µ is the four-velocity of the heavy baryon (with v 2 =1) and
In the above B is the baryon octet with a degenerate mass m B , Φ is the meson octet and D, F are the are the axial vector couplings of the baryons to the mesons. The values of D and F are extracted from the empirical semileptonic hyperon decays. The SU(3) matrices for the mesons and the baryons are the following
The current quark mass matrix is given by M q =diag{m q , m q , m s }. In this paper we set u, d quarks have the same mass m q = (m u + m d )/2 for simplify. f is the pseudoscalar meson decay constants, which are equal in the SU(3) V limit and are denoted by f = f π ≃ 93 MeV. Expanding Σ to order of 1/f 2 and keeping only the η field, the first two terms in Eq.(1) can be written as
Keeping explicitly only the nucleon and the η meson, the third and the fourth terms in Eq.(1) becomeN
where N = p n andN = (pn ).
Similarly, the first three terms in Eq. (2) can be worked out, and the results are
The last ten terms contribute to the ηN interactions which can be totally written as
which sometimes is called "off-shell" term and modifies the scalar interaction.D is a constant which can be determined with the ηN scattering length.
Combining the above expressions, the following Lagrangian is given by
where the η mass is given by
and the nucleon mass by
Also, the coefficient of ηN sigma term is determined by
From the lagrangian we find that the sigma term is scalar interactions which will shift the effective mass of η meson. Some of the coefficients in the above equations have been given by Refs. [22] [23] [24] and are used in Ref. [18] .
According to the given coefficients in Eq.(16), the ηN sigma term is worked out Σ ηN ≃ 358 MeV. There is a large uncertainty in the strange quark mass m s which ranges from 100 to 300 MeV, thus, the dominant term a 3 m s in eq. (15) is poorly known, namely, the ηN sigma term has a large uncertainty.
The ηN scattering length corresponding to the Lagrangian (12) is
Although the ηN scattering length can not be obtained directly from the experiments, it can be obtained from theoretical analysis of different data indirectly [16] . According to the review of the ηN scattering length in Ref. [17] , the real part of ηN scattering length ranges from 0.25 to 1.05fm. In present paper, we set the η mass m η = 547.311 MeV [25] and the nucleon mass m N = 939 MeV. Now one can determine the constantD for a given Σ ηN and a ηN via the relatioñ
Where we must point out the ηN interactions in present model come from the ηN sigma terms and off-shell terms, the leading Tomozawa-Weinberg term simply vanishes. However, in the coupled channels model with chiral lagrangian, the s-wave ηN interaction is generated indirectly through coupled channel mechanisms involving the KΣ and KΛ channels [12] .
η effective mass and optical potential
According to the lagrangian (12), using the Euler-Lagrangian equations of motion, the equation of motion for the η field in the mean field approximation in unform matter reads
where ρ s = N N is the scalar density of the nuclear matter. This approach have been used to study in-medium properties of kaons [28, 29] . Plane wave decomposition of the equation of the motion yields
Introducing the η self-energy, we obtain
which is a function of η energy ω and momentum k in the nuclear medium.
The energy of η in the nuclear medium is
where m * η is the effective mass of η
We emphasize that there exists a minimum η effective mass corresponding to a maximum of the scalar density which is about ρ s,max ≃ 2ρ 0 in the Walecka model [30] . The optical potential for η in the nuclear medium is defined by
According to our calculation in relativistic mean field theory [31] with NL3 parameter, the scalar density ρ s has a relation with nuclear density ρ in the region ρ ≤ 3ρ 0
Combining the above equations (21-25), we can easily obtain the η meson energy, effective mass and optical potential as a function of nuclear density in nuclear medium.
Calculations
In this section we will discuss the η effective mass, optical potential in nuclear medium and the off-shell behavior, respectively. For 0 momentum η mesons, from Eq. (22) we can see the energy of η meson is equal to its effective mass, thus we do not discuss the energy of η meson any more in this section. In the calculation, the accuracy of η meson effective mass and optical potential are determined by two parameters Σ ηN andD. However, the parameter Σ ηN has a large uncertainty because of the uncertainties of strange quark mass andD also has a large uncertainty for the ηN scattering length with a large rang 0.25 ∼ 1.05fm. Therefore, for comparison the effective masses m * η /m η (optical potentials) of η in nuclear matter as a function of nuclear density ρ/ρ 0 with sigma term Σ ηN =358, 246, 188 MeV (corresponding to quark mass m s = 240, 200, 150MeV) and the real part of scattering lengths a ηN = 0.264 [15] , 0.717 [26] , 0.91 [27] fm in their possible ranges are plotted in figure 1 (figure 2 ), respectively. From the figures we can clearly see the curves are divided into four groups which correspond to different scattering lengths a ηN = 0.264, 0.717, 0.91 fm and the off-shell term D = 0, respectively. The dotted, dash-dotted and dashed curves correspond to Σ ηN =358, 246, 188 MeV, respectively. For comparison, we also show the effective mass predicted by other group [12] in the figure 1, which is denoted with straight dash-dotted line in the figure.
Effective mass
From figure 1 , it is found the effective masses m * η /m η calculated by us nearly downward shift linearly with the density in the range ρ ≤ ρ 0 . Beginning with ρ ≃ ρ 0 , the downward behavior of effective mass becomes nonlinear. The effective mass decreases with the density slower and slower, at last it nearly stays constant in the range ρ > 2ρ 0 . The reason of effective mass stays constant in the higher density is that there exists a minimum η effective mass corresponding to a maximum of the scalar density which is about ρ s,max ≃ 2ρ 0 according to RMF calculation [30] . For the same scattering length a ηN , the larger sigma term Σ ηN corresponds to a smaller effective mass. From the curves, we can find Σ ηN affects the effective mass is trivial in the lower density range about ρ ≤ 0.5ρ 0 . At ρ = ρ 0 , the difference of effective mass between using Σ ηN = 358 and Σ ηN = 188 is no more than 3, 5, 7 MeV corresponding to a ηN = 0.264, 0.717, 0.91 fm, respectively. The difference becomes more and more obvious with density, at ρ = 3ρ 0 it gets to about 8, 12, 14 MeV for a ηN = 0.264, 0.717, 0.91 fm, respectively. In general, the uncertainties of sigma term Σ ηN affect the effective mass of η is very limited, it is usually a quantity of a few MeV, the upper limit is no more than 14 MeV at high density.
For the same sigma term Σ ηN , the scattering length a ηN strongly affects the effective mass. For example, at ρ = ρ 0 and Σ ηN = 358, the effective mass m * η /m η ≃ 0.9 for a ηN = 0.264 fm, however, setting a ηN = 0.717, 0.91 fm, the effective masses dramatically downward shift to 0.79, 0.75m η , respectively. The difference of the effective mass between for a ηN = 0.264 fm and for a ηN = 0.91 fm can even reach 0.15m η =82 MeV at normal nuclear density. From the analysis, we can see the uncertainties of scattering length a ηN bring large uncertainties in effective mass of η meson. The largest uncertainty can even get to 80 ∼ 100 MeV.
At normal nuclear density, the smallest mass downward shift of our calculations is about 0.1m η when setting a ηN = 0.264 fm, which agrees with the result of Ref. [14] calculated with quark-meson coupling model. It should be pointed out that our results show a similar behavior with those of Ref. [14] in the whole density range. While, the effective mass in our calculation is at least 27 MeV less than that of in Ref. [12] , which indicates that our calculations gives stronger attractive ηN interactions than those in Ref. [12] . The most obvious difference between our results and those in Ref. [12] is that the effective mass of η meson calculated by us nonlinearly decreases with the nuclear density and stays constants about in the range ρ > 2ρ 0 , however, the result of Ref. [12] linearly decreases with the nuclear density. As a whole, the uncertainties of sigma term Σ ηN affect the effective mass in the range of a few MeV at normal nuclear density. However, the uncertainties of effective mass can even get to 80 ∼ 100 MeV at normal nuclear density because of the uncertainties of scattering length a ηN . If the scattering length a ηN ranges from 0.264 to 0.91 fm, the effective mass m * η /m η ranges 0.9 to 0.75 at normal nuclear density.
Optical potential
The optical potential as a function of nuclear density is plotted in figure 2 . We find that the behavior of the curves is quite similar to those in figure 1 . The reason is that the optical potential has a relation U η ≃ m * η − m η as an approximation, which changes linearly with η effective mass m * η . From the figure, it is also seen that the effect from the uncertainties of sigma term Σ ηN is very limited in its possible range. At normal nuclear density, the upper limit of the uncertainties from sigma term Σ ηN is about 3 ∼ 5 MeV, the optical potential is about −50, −100, −120 MeV corresponding to scattering length a ηN = 0.264, 0.717 and 0.91, respectively. According to our calculation, the optical potential has a large range about −45 ∼ −130 MeV at normal nuclear density corresponding to uncertain scattering lengths a ηN = 0.25 ∼ 1.05 fm. There are also some calculations of η optical potential in nuclear medium in other references. According to the SU(3) chiral dynamics with coupled channels, the optical potential depth at normal nuclear density is U η ≃ −20 MeV [12] . In Ref. [13] , the potential obtained assuming that the mass of the N * (1535) did not change in the medium was U η = −34 MeV. K. Tsushima et al. predicted the η potential was typically −60 MeV using QMC model [14] , which is in the ranges of our calculations corresponding to scattering length about a ηN ≃ 0.35 fm. The latest calculation of T. Inoue and E. Oset predicted U η ≃ −54 MeV with chiral unitary approach. The ηN scattering length in the approach is a ηN = 0.264 fm. If we set a ηN = 0.264 fm, our result U η ≃ −50 at normal nuclear density is very close to U η ≃ −54 MeV calculated by T. Inoue and E. Oset. Compared our results with these models', the predictions of K. Tsushima et al. and Inoue, E. Oset are in the range of our predictions. However, our calculation gives much stronger optical potential than those in Refs [12, 13] Where, we should point out that one of the characteristics of our approach is that it builds a relation between optical potential and ηN scattering length. For a given ηN scattering length, we can obtain an optical potential. This may be helpful to determined the ηN scattering length in theory. Another characteristics of our approach is that it gives much deeper optical potential than other models'. Even the lower limit potential at normal nuclear density is strong enough (U η ≃ −45 MeV) corresponding to the lower limit ηN scattering length, which is much deeper than those of Refs. [12, 13] . If we adopt the scattering length a ηN = 0.717 fm predicted in Ref. [26] or even larger a ηN = 0.91 fm in the recently analysis of the data [17] , the depth optical potential at ρ = ρ 0 reaches −100 ∼ −120 MeV. Such a deep optical potential is never predicted by other groups. Is it possible there is strong attractive ηN interaction in nuclear medium? If there is deep depth of optical potential, why can the bound states of η in nucleus not be easily found? They are still open questions should be answered in both theory and experiment.
The effect of off-shell term
Now we will do some discussion about the off-shell term in our calculation. In fact the off-shell termD is determined by the scattering length a ηN , from the above analysis we know the scattering length a ηN strongly affect the calculations. The importance of off-shell behavior of low energy scattering was pointed out in some references. Such as, it was pointed out in Refs. [19] the off-shell behavior strongly influences the in-medium effective masses of the mesons, and in Refs. [20, 28] it was pointed out the off-shell terms are essential for correct description the scattering lengths.
To clarify the effect of off-shell term on our calculation thoroughly, we turn off the off-shell term (D = 0) and list the results in figures 1 and 2. Comparing the results without off-shell behavior with those including off-shell behavior, we find, without the off-shell behavior, there is less downward shift effective mass m * η /m η ≃ 0.92 ∼ 0.96 at ρ = ρ 0 . We also find, without the off-shell term, it gives much shallower optical potentials −22 ∼ −41 MeV at ρ = ρ 0 . It should be pointed out that the optical potentials predicted in Refs [12, 13] and the effective masses (0.95m η ) predicted in Refs. [12, 15] are in the range of our calculations without off-shell behavior. In fact, all the models do not consider the off-shell behavior in the calculations.
According to the analysis, we conclude that the off-shell term will give stronger attractive scalar interaction, namely, much deeper optical potential and less effective mass of mesons in nuclear medium. If the scattering length is small enough, i.e. a ηN ∼ 0.25, the effect of off-shell behavior is limited and even can be neglected in the calculation. By adjusting the sigma term Σ ηN maybe obtain satisfying results which can be comparable with other models. However, if the scattering length a ηN is large enough, the off-shell term must be included. We also note that from the figures, if we neglect effect of the off-shell, the uncertainties of sigma term Σ ηN strongly affect the calculations, the largest difference between two possible Σ ηN can reach about 20 MeV at normal nuclear density, however, it is only 3 ∼ 5 MeV, when the off-shell behavior is considered. Thus, the off-shell behavior can strongly depress the effect from the uncertainty of the sigma term Σ ηN .
Summary
In this paper, we have obtained a effective Lagrangian for ηN interaction in nuclear medium starting with the effective meson-baryon chiral Lagrangian including the next-leading-order terms. We expand the chiral field and only keep the 1/f 2 term as an approximation. For ηN interaction, we find there are only scalar interactions, namely, only the sigma term and off-shell term are survived. The coefficient of sigma term Σ ηN is determined in the range Σ ηN ≃ 358 ∼ 188 MeV corresponding to the strange quark mass m s ≃ 240 ∼ 150 MeV. On the other hand, the coefficient of off-shell term is determined according to the ηN scattering length.
In addition, with the effective Lagrangian deduced by us, the energy, effective mass and optical potential of η meson in unform nuclear medium are introduced in the meanfield approximation. According to our calculation, at normal nuclear density the effective mass m * η /m η ranging 0.75 ∼ 0.9 and the depth of optical potential U η ≃ −45 ∼ −130 MeV corresponding to the ηN scattering length a ηN = 1.05 ∼ 0.25 fm. If the off-shell term is neglected or the ηN scattering length is small, such as a ηN = 0.264, our results are comparable with others' [15] . If the ηN scattering length is large, our results give much stronger attractive ηN interaction, the effective mass of η is strongly downward shifted and the optical potentials is much deeper than those of other groups.
Finally, it should be noted that the off-shell term is very important for the calculation. It strongly affect the ηN interaction, especially when the ηN scattering length is large. The off-shell term can strongly depress the effect from the uncertainty of the sigma term Σ ηN . 
